Background and Purpose Amyloid beta (Aβ) is the main component of amyloid plaques, which are deposited in the brains of patients with Alzheimer' s disease (AD). Biochemical and animal studies support the central role of Aβ in AD pathogenesis. Despite several investigations focused on the pathogenic mechanisms of Aβ, it is still unclear how Aβ accumulates in the central nervous system and subsequently initiates the disease at the cellular level. In this study, we investigated the pathogenic mechanisms of Aβ using proteomics and antibody microarrays. Methods To evaluate the effect of Aβ on neural stem cells (NSCs), we treated primary cultured cortical NSCs with several doses of Aβ for 48 h. A 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay, trypan blue staining, and bromodeoxyuridine cell proliferation assay were performed. We detected several intracellular proteins that may be associated with Aβ by proteomics and Western blotting analysis. Results Various viability tests showed that Aβ decreased NSCs viability and cell proliferation in a concentration-dependent manner. Aβ treatment significantly decreased lactate dehydrogenase B, high-mobility group box 1, aldolase C, Ezrin, and survival signals including phosphorylated phosphoinositide 3-kinase, Akt, and glycogen synthase kinase-3β. Conclusions These results suggest that several factors determined by proteomics and Western blot hold the clue to Aβ pathogenesis. Further studies are required to investigate the role of these factors.
INTRODUCTION
Alzheimer's disease (AD) is a progressive disease that is characterized by impaired memory and other important cognitive functions. It is the primary cause of dementia worldwide. 1 Advanced age is considered the most important risk factor for the disease. Thus, the increased lifespan expectancy would rapidly raise the number of patients diagnosed with AD. 2 Therefore several studies have investigated the pathophysiology of AD in the past decades. Further, several factors have been associated with disease progression and a few hypotheses have been proposed to explain the initiation and progression of the neurodegenerative process in AD. 3 The "amyloid hypothesis, " states that amyloid beta (Aβ) plays a major role in the origin and progression of neurodegenerative changes seen in these patients. 4, 5 Aβ is the main component of amyloid plaques, which are deposited in the brains of patients with AD, and many biochemical and animal studies support the central role of Aβ in AD pathogenesis. 6, 7 These studies found that Aβ toxicity is mediated by several mechanisms including oxidative stress, mitochondrial diffusion, alterations in membrane permeability, inflammation, synaptic dysfunction, and excitotoxicity via interaction with neurotransmitter receptors. [8] [9] [10] Despite a plethora of efforts focused on the pathogenic mechanisms of Aβ, it is still unclear how Aβ accumulates in the central nervous system to trigger the disease at the cellular level.
The emergence of proteomics, the large-scale analysis of proteins, has tremendously influenced the study of cellular mechanisms. 11, 12 The study of proteins can facilitate the analysis of protein function in cells. Proteomics is enabled by the accumulation of both DNA and protein sequence databases, im-
Neural Stem Cell Death Mechanisms Induced
by Amyloid Beta provements in mass spectrometry, and the development of computer algorithms for database search. Proteomics provides significant biological insights into specific protein-protein interactions, evaluation of proteins in subcellular compartments and elucidate protein biochemistry and the underlying cellular mechanisms. In this study, we investigated the factors associated with the pathogenic mechanisms of Aβ using proteomics.
METHODS Materials
Dulbecco's modified Eagle's medium (DMEM, high glucose) was purchased from GIBCO (Invitrogen Corporation, Grand Island, NY, USA). Amyloid-β(25-35) (Aβ25-35), protein protease inhibitor cocktail, trypan blue solution, insulin, and DNase I were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Cultures of neural stem cells and treatment
All procedures using animals were consistent with Hanyang University's guidelines for the care and use of laboratory animals. We made every effort to minimize the number of animals used and animal suffering. Each animal was utilized only once. Embryonic brain tissue was dissected from the cortex, lateral ganglionic eminence (anlage of striatum), and ventral midbrain in embryonic day 12-14 (E12-E14) rats (SpragueDawley, KOATECK, Seoul, Korea). 13 After mechanical trituration, 20000 cells per cm 2 were plated in culture dishes precoated with poly-L-ornithine (PO)/fibronectin (FN) in N2B medium [DMEM/F12, 4.4 μM insulin, 100 mg/L transferrin, 30 nM selenite, 0.6 μM putrescine, 20 nM progesterone, 0.2 mM ascorbic acid, 2 mM L-glutamine, 8.6 mM D(+) glucose, 20 mM NaHCO3, B27 (Invitrogen, Carlsbad, CA, USA)]. Following supplementation with basic fibroblast growth factor (bFGF, 20 ng/mL, R&D Systems, Minneapolis, MN, USA) and epidermal growth factor (EGF, 20 ng/mL, R&D Systems) they were cultured for 4-6 days as a monolayer on the adherent surface. To obtain a uniform population of neural stem cells (NSCs), clusters of cells formed by the proliferation of NSCs with mitogens (bFGF and EGF) were passaged by dissociating them into single cells, and plating them onto freshly PO/FNcoated coverslips (12-mm diameter; Marienfeld GmbH & Co. KG, Lauda-Knlgshofen, Germany).
14 All data in this study were obtained from passaged cultures grown on the adherent surface. Cultures were maintained at 37°C in a 5% CO2 incubator. Media were changed every other day, and mitogens were added daily.
To measure the effects of Aβ25-35 oligomers on NSC proliferation, NSCs were simultaneously treated with several concentrations of Aβ25-35 (0, 5, 10, 20, or 40 μM) for 48 h. Soluble oligomeric forms of Aβ225-35 were prepared as reported by Dahlgren et al. 15 Briefly, Aβ25-35 was dissolved at a concentration of 1 mM in hexafluoroisopropanol (Sigma) and separated into aliquots in sterile microcentrifuge tubes. Hexafluoroisopropanol was removed under vacuum in a Speed-Vac, and the peptide film was stored desiccated at -20°C. To prepare oligomers, the peptide was first suspended in dry dimethyl sulfoxide (Me2SO, Sigma) at a concentration of 5 mM, and Ham' s F-12 (phenol red-free, BioSource, Camarillo, CA, USA) was added to bring the final concentration to 1 mM. This was followed by 24-h incubation at 4°C. Plates were washed carefully more than three times with phosphate-buffered saline (PBS), and cell viability was measured with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and trypan blue assays.
MTT assay and trypan blue staining to measure cell viability
MTT is absorbed into cells and transformed into formazan by mitochondrial succinate dehydrogenase. Accumulation of formazan directly reflects mitochondrial activity, which is an indirect measure of cell viability. Cells were plated in 96-well plates at a density of 1×10 4 cells/well in 200 μL of culture medium, and 50 μL of 2 mg/mL MTT (Sigma) was added to each well. An aliquot (220 μL) of the resulting solution was removed from each well, followed by the addition of 150 μL dimethyl sulfoxide. The precipitate from each well was resuspended on a microplate mixer for 10 min, and optical densities (OD) at 540 nm were measured using a plate reader. All results were normalized to OD values measured in an identically treated well without cultured cells. For trypan blue staining, 10 μL of dissociated cells from each sample were incubated with 10 μL of trypan blue solution (BMS, Seoul, Korea) for 2 min. Unstained live cells were counted on a hemocytometer. 16 
Bromodeoxyuridine cell proliferation assay
After 48 h of treatment, cells were incubated in bromodeoxyuridine (BrdU)-labeling medium (10 μM BrdU) for 1 h, and the cell proliferation assay was performed using the BrdU Labeling and Detection Kit (Roche Boehringer-Mannheim, IN, USA), according to the manufacturer's instructions. The proportion of stained cells in the 1000 cells was counted under a light microscope at 400× magnification.
Proteomics
We conducted proteomics analyses as reported by our prewww.dnd.or.kr 123 DND vious study. 17 Cultured NSC pellets were washed twice with icecold PBS and sonicated for 10 s with a Sonoplus (Bandelin Electronics, Berlin, Germany) in a sample lysis solution composed of 7 M urea and 2 M thiourea with 4% (w/v) 3-[(3-cholamidopropyl) dimethy-lammonio]-1-propanesulfonate (CHAPS), 1% (w/v) dithiothreitol (DTT), 2% (v/v) pharmalyte, and 1 mM benzamidine. Proteins were extracted for 1 h at room temperature by vortexing. After centrifugation at 15000 g for 1 h at 15°C, the insoluble material was discarded and the soluble fraction was used for two-dimensional (2D) gel electrophoresis. Protein concentrations were determined using the Bradford method.
Dry immobilized pH gradient strips (4-10 NL IPG, 24 cm, Genomine, Pohang, Korea) were equilibrated for 12-16 h with 7 M urea and 2 M thiourea containing 2% CHAPS, 1% DTT, and 1% pharmalyte and loaded with 200 mg of sample. Isoelectric focusing (IEF) was performed at 20°C using a Multiphor II electrophoresis unit and EPS 3500 XL power supply (Amersham Biosciences, Buckinghamshire, UK) according to the manufacturer's instructions.
IEF was conducted by linearly increasing the voltage from 150 V to 3500 V over 3 h for sample entry followed by maintenance at a constant 3500 V. IEF was complete after 96 kVh. Prior to running the second dimension, the strips were incubated for 10 min in equilibration buffer [50 mM Tris-Cl, pH 6.8, containing 6 M urea, 2% sodium dodecyl sulfate (SDS), and 30% glycerol], first with 1% DTT and then with 2.5% iodoacetamide. The equilibrated strips were then inserted onto SDS polyacrylamide gel electrophoresis (SDS-PAGE) gels (20 ×24 cm, 10-16%). SDS-PAGE was performed using the Hoefer DALT 2D system (Amersham Biosciences) according to the manufacturer' s instructions. The 2D gels were run at 20°C for 1700 Vh.
Quantitative analyses of digitized images were performed using PDQuest (version 7.0, Bio-Rad, Hercules, CA, USA) software according to the manufacturer's protocols. The intensity of each spot was normalized to the total valid spot intensity. Protein spots with at least two-fold difference in expression compared with the control or normal samples were selected. For protein identification by peptide mass fingerprinting, protein spots were excised, digested with trypsin (Promega, Madison, WI, USA), mixed with a-cyano-4-hydroxycinnamic acid in 50% acetonitrile/0.1% trifluoroacetic acid and subjected to matrix-assisted laser desorption/ionization-time of flight analysis (Microflex LRF 20, Bruker Daltonics, Billerica, MA, USA). Spectra were collected from 300 shots per spectrum over the m/z range of 600-3000 and calibrated by a twopoint internal calibration using trypsin auto-digestion peaks (m/z 842.5099 and 2211.1046). The peak list was generated using Flex Analysis 3.0 (Bruker Daltonics). The thresholds used for peak selection were as follows: 500 for a minimum resolution of monoisotopic mass and 5 for signal-to-noise. The search program MASCOT, developed by Matrix Science (http:// www.matrixscience.com/), was used for protein identification by peptide mass fingerprinting. The following parameters were used for the database search: trypsin as the cleaving enzyme, a maximum of one missed cleavage, iodoacetamide (Cys) as a complete modification, oxidation (Met) as a partial modification, monoisotopic mass, and a mass, tolerance of 0.1 Da. The peptide mass fingerprinting acceptance criteria were based on probability scoring.
Western blotting analyses
The levels of p85α phosphoinositide 3-kinase (PI3K), phosphorylated Akt (pAkt) (Ser 473), and phosphorylated glycogen synthase kinase-3β (pGSK-3β) (Ser9) were analyzed by Western blot. Briefly, 5×10
6 cells were washed twice in cold PBS and incubated in lysis buffer [50 mM Tris (pH 8.0), 150 mM NaCl, 0.02% sodium azide, 0.2% SDS, 100 μg/mL phenylmethylsulfonylfluoride, 50 μL/mL aprotinin, 1% Igepal 630, 100 mM NaF, 0.5% sodium deoxycholate, 0.5 mM EDTA, and 0.1 mM EGTA] for 10 min on ice. Cell lysates were centrifuged at 10000 μg and evaluated for levels of p85α PI3K, pAkt, and pGSK-3β. Protein concentrations of cell lysates and postmitochondrial fractions were determined using a Bio-Rad protein assay kit (Bio-Rad). Samples containing equal amounts (20 μg) of protein were resolved by 10% SDS-PAGE and transferred to nitrocellulose membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK). Membranes were blocked using 5% skim milk before incubation with specific primary antibodies against p85α PI3K (1:1000, Sigma), pAkt (1:500, Cell Signaling, Beverly, MA, USA), and pGSK-3β (Ser9) (1:1000, Santa Cruz Biotech, Santa Cruz, CA, USA). Membranes were washed with Tris-buffered saline containing 0.05% Tween-20 and processed using an HRP-conjugated anti-rabbit or anti-mouse antibody (Amersham Pharmacia Biotech, Piscataway, NJ, USA) followed by ECL detection (Amersham Pharmacia Biotech). 18 The results from Western blots were quantified using an image analyzer (Quantity One-4,2,0, Bio-Rad).
Statistical analysis
All data are presented as the mean±standard deviation from five independent experiments. Statistical comparisons of viability among the different treatment groups were performed with Tukey's test after a one-way analysis of variance. p-values less than 0.05 were considered statistically significant.
RESULTS

The viability and proliferation of NSCs damaged by Aβ 25-35
To evaluate the effect of Aβ25-35 on viability, NSCs were treated with different concentrations of Aβ25-35 (0, 5, 10, 20, or 40 µM) for 48 h. Cell viability was measured with the MTT assay, and surviving cells were counted with trypan blue staining. The viability of NSCs was not significantly decreased by treatment with 5 µM Aβ25-35, but the viability of cells treated with concentrations greater than 10 µM was significantly decreased in a concentration-dependent manner (Fig. 1) .
BrdU labeling showed that the proliferation of NSCs treated with Aβ25-35 at concentrations greater than 5 µM was significantly decreased in a concentration-dependent manner (Fig. 2) . Based on these results, 20 μM Aβ25-35 was selected as an optimal Aβ25-35 concentration for subsequent experiments based on 60-70% cell viability.
Effects of Aβ 25-35 on intracellular protein levels of NSCs
Proteomics studies were performed to assess the effect of 20 µM Aβ25-35 on the synthesis of intracellular proteins in NSCs. We found that the expression of several intracellular proteins was altered by 20 µM Aβ25-35. Theoretical and experimental molecular weights (MWs) as well as isoelectric points (pIs) calculated from 2D-E maps are shown in Fig. 3 . The values of MW and pIs of each protein corresponded roughly to its position on the 2D-E gel. Deviations from theoretical MW and pI were found to be substantially lower than in several cases. Specifically, the expressions of LDHB, HMGB1, AL-DOC, and Ezrin were reduced by exposure to 20 µM Aβ25-35 (Fig. 3) . Using the Western blot, we ascertained the effects of 20 µM Aβ25-35 oligomer on the intracellular signaling of proteins, which play a critical role in NSC proliferation. We determined the expression of p85α PI3K, pAkt (Ser473), and pGSK-3β (Ser9) in the PI3K pathway that plays a pivotal role in the proliferation of NSCs. Compared with untreated cells (100± 10, 100±11, 100±9, and 100±8%, respectively), the immunoreactivities (IRs) of p85α PI3K, pAkt (Ser473), and pGSK-3α (Ser9) were significantly decreased in 20 µM Aβ25-35 oligomer-treated cells (43±8, 47±7 and 72±10%, respectively, p< 0.05) (Fig. 4) . 
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DISCUSSION
In the present study, we investigated the effects of Aβ25-35 on NSCs and the intracellular protein levels of NSCs in the pathogenesis of Aβ25-35 oligomers. Using proteomics, we confirmed the reduced expression of lactate dehydrogenase B (LDHB), high-mobility group box 1 (HMGB1), aldolase C (ALDOC), and Ezrin following treatment with Aβ25-35 oligomer. LDHB is a subunit of the lactate dehydrogenase enzyme, 19 which is found throughout the body, and plays an important role in cellular energy production. In the final step of glucose breakdown, most forms of lactate dehydrogenase enzyme convert pyruvate into lactate, which is used by the body for energy. 20 Previous investigations revealed that LDHB mediated the resistance to Aβ toxicity in the neuronal cells by reducing oxidative stress.
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HMGB1 plays a key role in inflammation, and immunostimulation and chemotactic processes. [22] [23] [24] Increased levels of HMGB1 have been detected in several neurodegenerative diseases. HMGB1 is a risk factor for memory impairment, chronic neurodegeneration, and progression of neuro-inflammation in AD and it has a neuroprotective role in Huntington's disease. 25, 26 In this study, treatment of Aβ oligomer decreased the expression of HMGB1. Thus, HMGB1 plays a key dual role in neurodegeneration, although the underlying pathological mechanisms remain uncertain. ALDOC is an important enzyme in glycolysis, and is predominantly expressed in neuronal tissue specifically in the hippocampus and Purkinje cells of the brain. 27, 28 In previous studies, the ALDOC level was decreased in AD brain, 21 however, the precise ALDOC-mediated mechanisms remain unknown. Ezrin, one of the ezrin-radixin-moesin proteins, is involved in cell-surface phenomena and is expressed in a variety of tissues. 29 Ezrin typically concentrates at the apical surface of polarized epithelia and its upregulation enhances the metastatic potential in various tumor types. 30, 31 In Parkinson's disease, the expression of Ezrin specifically inhibits α-synuclein fibrillization and toxicity. [32] [33] [34] Further investigation into the role of Ezrin in the pathophysiology of Alzheimer's disease is needed.
Our Western blotting results showed that the expression of survival-related proteins such as p85α PI3K, pAkt (Ser473), and pGSK-3β (Ser9) was also reduced by Aβ25-35. The expression of these proteins in PI3K pathway is essential for the survival and self-renewal of NSCs, 35 and activation of this pathway is important for maintaining the pluripotency of NSCs. 36 In the first step of PI3K pathway, activated PI3K phosphorylates its downstream target, Akt, and GSK-3β. The pAkt also inhibits GSK-3β by phosphorylating it at Ser932. While the active form of GSK-3β inhibits HSTF-1 and activates the mitochondrial death pathway, 35, 36 inactivation of the pGSK-3β by pAkt is important functionally in a variety of stem cell types. In previous studies, we confirmed that Aβ toxicity in neuronal cells or NSCs, and the protective effects of neuroprotectants such as coenzyme Q10, were mediated via PI3K pathway. 38, 39 The study limitations are as follows. First, this study was performed under in vitro conditions, which preclude any application to in vivo conditions. Second, no mechanistic study was conducted to confirm the targets of intracellular proteins, which were influenced by Aβ25-35. The precise mechanism of action should be delineated in further studies of Aβ25-35 based on our results. Finally, AD pathogenesis is associated with adult hippocampal NSCs, whereas only embryonic cortical NSCs were available for use in this in vitro study. To address this limitation, an in vitro mouse model of AD is needed.
Taken together, these results suggest that several intracellular proteins detected by proteomics and Western blotting analyses hold the clues to Aβ pathogenesis. Further studies should be conducted with a focus on these intracellular proteins.
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